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Evidence for co-selection of antibiotic resistance genes and mobile genetic elements in metal polluted urban 
Introduction 24
The rapid emergence of antibiotic-resistant bacteria is occurring worldwide, posing threats to global 25 public health, food security and development (Ventola, 2015) . According to the World Health 26
Organization (WHO), a post-antibiotic era is emerging, in which antibiotic resistance threatens the 27 effective prevention and successful treatment of an ever-increasing range of bacterial infections. The 28 critical role of the environment for development and dissemination of antibiotic resistance has now been 29 recognized (Ashbolt et al., 2013) . Consequently, antibiotic resistance genes (ARGs) and mobile genetic 30 elements carrying these genes can be regarded as emerging environmental pollutants (Gillings et al., 2008 ; 31
Pruden et al., 2006). 32 33
The widespread use of antibiotics is generally considered to be the primary cause for elevated levels of 34 instance be found on the same mobile genetic elements (plasmid, integron or transposon), and this 42 physical linkage results in co-resistance. Cross-resistance is another co-selection mechanism which occurs 43 when single genes encode resistance to both antibiotics and metals. 44
45
The relative importance of antibiotics and co-selecting agents for the selection of antibiotic resistance is 46 likely to differ between different environments. Antibiotic residues primarily accumulate to toxic levels3 able to strongly select bacterial communities in habitats where antibiotics are used by humans (e.g., 48
Thermo Fisher Scientific). DNA was eluted in 100 μl elution buffer and stored at -20 °C for downstream 144
analysis. Long-term storage has been proven to not cause bias in DNA results (Tzeneva et al., 2009 , 145
Knapp et al., 2010). 146 147

High-throughput qPCR 148
A total of 296 primer sets (Table S2 ) were used to examine Belfast urban soils. These 296 primer sets 149 targeted antibiotic resistance genes (285 primer sets), mobile genetic elements (10 primer sets) and a 16S 150 , where C T refers to the qPCR results and 31 refers the cut-off point. The 165 normalized abundance of a gene (copies per 16S rRNA) was calculated by dividing relative gene copy 166 number of the gene by relative copy number of reference gene 16S rRNA.
168
Absolute 16S rRNA copy numbers (copies per gram of soil) were determined using the standard curve 169 method on a Roche 480 system. Each 20 μl qPCR reaction mixture consisted of 10 μl 2 × LightCycle 480 170 SYBR Green I Master, one μg μl -1 bovine serum albumin, one μM of each primer, one ng μl -1 DNA as 171 template and six μl nuclease-free PCR-grade water. The thermal cycle consisted of a 10 min enzyme 172 activation at 95 °C, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s 173 and extension at 72 °C for 15 s. A plasmid control containing a cloned and sequenced 16S rRNA gene 174 fragment (1.39 × 10 10 copies per liter) was used to generate calibration curves from a tenfold dilution for 175 standard calculation. All qPCRs were performed in technical triplicates with negative controls. Absolute 176 ARG copy numbers were calculated by transforming relative copy numbers by normalization from 177 absolute 16S rRNA gene copy number. 178 179
Statistical analysis 180
All HT-qPCR data filtration and calculations were performed using Microsoft Excel 2010. Bar charts and 181 scatter diagrams were generated using Origin Pro 9.1. Correlation analyses and significance tests were 182 performed using IBM SPSS Statistics 22. Heatmaps were generated using HemI 1.0 (Deng et al., 2014). 2007). The co-occurrence patterns between ARGs (normalized abundance) and MGEs (normalized 186 abundance)/metals (total concentration) were explored using network analysis. To visualize the 187 correlations in the network interface, a correlation matrix was constructed using all pairwise Pearson's 188 rank correlations. Only correlations with Pearson's r > 0.7 (or < -0.7), a significance level of P < 0.05, (Table S3) . Likewise, 250 land use at the time of soil sampling could not explain the observed ARG patterns. Combining the cluster 251 analysis with a heatmap to visualize the ARG profiles in different land uses, we thus did not find any 252 significant effect of land use (cluster) on the ARG distribution in Belfast urban soils ( Figure S3&4 ). This 253 conclusion was further confirmed by permanova test (R 2 < 0.02, P > 0.05; Table S4 ). Both results 254 indicated the inconsequential role that geographic factors played in determining the fate of ARGs in 255
Belfast urban soils. 256 257
MGEs and their associations with ARGs 258
A total of two integron genes and eight transposon genes were targeted and detected in this study. The 259 total absolute abundance of these MGEs ranged from 2-38 × 10 7 copies per gram of soil with an average 260 The soil samples profiled for ARGs and MGEs were contaminated to varying degrees by metals. The 281 metals with the potential of co-selection for ARGs and their concentration ranges in the soil samples were 282 shown in Table 1 . The co-occurrence pattern between metals and ARGs was further explored by network 283 analysis based on Pearson's correlation (r > 0.7, P < 0.05) (Figure 3) . The network consists of 25 nodes 284 including eight metals and 17 ARGs. A total of 24 significant positive correlations were found between 285 metals and ARGs. No significant negative correlation was found between metals and ARGs. As, Cd, Co,eight resistance genes conferring resistance to aminoglycosides (4), multidrug (3) and beta-lactam 288 antibiotics (1). Copper co-occurred with aminoglycoside resistance genes (aadA and aac) and MLSB 289 resistance genes (mefA). The number of ARGs that co-occurred with Cd, Co, Ni, Hg, Cr and As were 3, 3, 290 2, 2, 2 and 1, respectively. These metal(loid)s all co-occurred with 17 specific ARGs conferring resistance 291 to aminoglycosides, beta-lactams, MLSBs, multidrug, tetracycline and vancomycin. Among the 24 292 connections, almost half were contributed by a combination of aminoglycoside (25%) and multidrug 293 resistance genes (21%). 294 To the best of our knowledge, this present study provides the most comprehensive investigation of the 321 ability of metal contamination to affect the distribution of ARGs in urban soils to date. The co-322 occurrence between specific metal contaminants and specific ARGs together with the significant positive 323 effect of overall soil metal loading (metal toxicity index) on soil ARGs are key findings and suggests co-324 selection of metals and ARGs (Figure 3 & 4) . Not only was a diverse range of ARGs detected, many of 325 which displayed significant co-occurrence patterns with both specific metals and overall metal load 326 (metal toxicity index), but we were also able to identify a potential causal link between soil metals and 327
ARGs. Hence, observed ARG patterns could not be explained by current land use or geographic location 328 and with the possible exception of the two included pasture soils (Table S1) to our results of path analysis, 78% of the total effect of metal toxicity on the number of detected ARGs 340 and 69% of the total effect of metal toxicity on the abundance of co-occurring ARGs were observed to 341 occur via MGEs. The majority of co-occurring ARGs with metals were found to also co-occur with 342
MGEs, suggesting an underlying metal-driven co-selection process with co-resistance (i.e. linkage of 343 genes conferring resistance to metals and antibiotics on the same genetic element) as the major 344 mechanism for most studied ARGs that do not have any known roles in bacterial metal resistance. 345
However, the resistance genes acrF, adeA, ttgB, qacEΔ1, rarD, tetPA and mefA encode efflux pumps as 346 their resistance mechanism and cross-resistance with other classes of antimicrobial agents via efflux 347 cannot be ruled out. For instance, the multi-drug resistance pumps encoded by the genes acrF, adeA, 348 qacEΔ1rarD and ttgB can export both metals and antibiotics for detoxification purposes (Mata et al., for environmental risk assessment of toxic metals in soil. In conclusion, serious consideration is needed to 392 set minimum standards for retarding ARGs and for mitigating the accumulation of toxic metals in urban 393
soils. 394 395
Supporting Information 396
Identity of the 50 Tellus soil samples selected for this study (Table S1 ); primers used in this study ( Table  397 S2); relationships between geographical distance and distributions of antibiotic resistance genes (ARGs) 398 and metal(loid) contamination as investigated by distance-decay analysis (Table S3 ); the ability of 399 different land use categories to explain variation in ARG distribution by permanova test (Table S4) ; 400 correlations between normalized abundance of clinical class 1 integron-integrase gene and total ARGs 401 (Table S5) Table: Table 1.docx   T9   T8   T7   T6   T5  T4  T3   T2   T1   T50   T49   T48   T47   T46   T45   T44   T43   T42   T41   T40   T39   T38   T37   T36   T35   T34   T33   T32   T31   T30   T29   T28   T27   T26   T25   T24   T23   T22   T21   T20   T18   T17   T16   T13   T11   T10   T12  T15   T14  T19 Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community 
